) were applied as a single dose to replicated plots at two positions along the hill slope (at top and bottom, respectively) during monsoonal summer. During a 6-day period after label application, we found that 71-100 % of the emitted N 2 O was derived from the labeled NO 3 -pool irrespective of slope position. Based on this, we assume that denitrification is the dominant process of N 2 O formation in these forest soils. Within 6 days after label addition, the fraction of the added 15 N-NO 3 -emitted as 15 N-N 2 O was highest at the low-N addition plots (0.2 g N m -2) , amounting to 1.3 % at the top position of the hill slope and to 3.2 % at the bottom position, respectively. Our data illustrate the large potential of acid forest soils in subtropical China to form N 2 O from excess NO 3 -most likely through denitrification.
Abstract Long-term elevated atmogenic deposition (*5 g m -2 year -1 ) of reactive nitrogen (N) causes N saturation in forests of subtropical China which may lead to high nitrous oxide (N 2 O) emissions. Recently, we found high N 2 O emission rates (up to 1,730 lg N 2 O-N m -2 h -1 ) during summer on well-drained acidic acrisols (pH = 4.0) along a hill slope in the forested Tieshanping catchment, Chongqing, southwest China. Here, we present results from an in situ 15 N-NO 3 -labeling experiment to assess the contribution of nitrification and denitrification to N 2 O emissions in these soils. Two loads of 99 at.% K ) were applied as a single dose to replicated plots at two positions along the hill slope (at top and bottom, respectively) during monsoonal summer. During a 6-day period after label application, we found that 71-100 % of the emitted N 2 O was derived from the labeled NO 3 -pool irrespective of slope position. Based on this, we assume that denitrification is the dominant process of N 2 O formation in these forest soils. Within 6 days after label addition, the fraction of the added 15 N-NO 3 -emitted as 15 N-N 2 O was highest at the low-N addition plots (0.2 g N m -2) , amounting to 1.3 % at the top position of the hill slope and to 3.2 % at the bottom position, respectively. Our data illustrate the large potential of acid forest soils in subtropical China to form N 2 O from excess NO 3
Introduction
Soils under natural vegetation in tropical and subtropical regions have been reported to be a major source of nitrous oxide (N 2 O), a potent greenhouse gas and decomposer of ozone in the stratosphere (Hirsch et al. 2006; Kort et al. 2011; IPCC 2007) . N 2 O emission from tropical forest are high compared to temperate and boreal natural ecosystems (Dalal and Allen 2008) , but the contribution of subtropical forest in densely populated SE Asia to global N 2 O emissions is unclear. Subtropical forests in South China receive increasing amounts of reactive nitrogen (N r ) by atmogenic deposition, including nitrogen oxides (NO x ) and ammonia (NH x ) (Liu et al. 2011) , which could result in N-saturation (Chen and Mulder 2007a) and may stimulate N 2 O emissions. Recently, high N 2 O emissions have been reported from acidic subtropical forests in South China (4.4 kg N ha -1 year -1 , Fang et al. 2009; 4.1-5 .0 kg N ha -1 year -1 , Zhu et al. 2013a) , raising questions about the mechanisms involved in N 2 O production in these soils. N 2 O in soil is predominately produced via ammonium (NH 4 ? ) oxidation (nitrification), nitrite (NO 2 -) reduction (nitrifier denitrification) and nitrate (NO 3 -) reduction (denitrification and dissimilatory nitrate reduction to ammonium, DNRA) (Baggs 2011) . These processes have been reported to occur simultaneously at different micro-sites in the soil (Templer et al. 2008) . A common approach to quantify the relative contribution of different processes to N 2 O emission is 15 N labeling of inorganic N pools, both in situ and ex situ. For example, based on in situ labeling in a Norway spruce and a beech forest in Germany at soil pH between 3.3 and 4.0, Eickenscheidt et al. (2011) found that N 2 O emission was mainly attributed to denitrification. However, the contribution of nitrification was not addressed in this study. In a laboratory incubation experiment with acidic soils from 11 different forest sites across Europe, Ambus et al. (2006) found that NO 3 -contributed on average 62 % to N 2 O production while NH 4
? contributed on average 34 %. Wolf and Brumme (2002) conducted an in situ 15 N-labeling experiment throughout spring, summer and autumn in an acidic beech forest soil in Germany (pH 3.8) and found that N 2 O emitted during summer was derived mainly from denitrification. Incubating acidic soil (pH 4.2-4.5) from Chinese subtropical coniferous and broad-leaf mixed forests at about 40-50 % water filled pore space (WFPS) and 25°C, Zhang et al. (2011a) found that denitrification was responsible for 53-56 % of N 2 O production. Several studies have shown that by increasing WFPS or by lowering soil pH, the proportion of N 2 O produced from denitrification was elevated (Baggs et al. 2010; Bateman and Baggs 2005; Wolf and Russow 2000; Khalil et al. 2004) .
In a recent study, Larssen et al. (2011) hypothesized that denitrification, and possibly increased emission of N 2 O, may be an important pathway for N loss from sub-tropical forest ecosystems in south China, receiving high loads of atmogenic N. The hypothesis was based on N mass balances of four forested watersheds showing various degrees of N retention that could not be explained by plant N uptake. Among the above studied sub-tropical forest ecosystems in south China, the Tieshanping (TSP) catchment, dominated by acidic acrisols, was found to be N-saturated (Chen and Mulder 2007a) . The occurrence of N-saturation at TSP is indicated by large NO 3 -concentrations in soil water. However, NO 3 -concentrations in stream water at TSP were significantly smaller, suggesting that overall N retention at TSP was high (Larssen et al. 2011) . A recent laboratory incubation study using soils from TSP (Zhu et al. 2013b ) confirmed high denitrification potentials despite the low pH, with highest potentials (0.29 g m -2 d -1 ) in the organic surface horizon of the mesic hill slopes. At the same time, the incubations showed that the ability of the denitrifier communities to reduce NO 3 -all the way to N 2 was low, suggesting that the acidic hill slope soils at TSP give rise to high N 2 O/(N 2 O ? N 2 ) product ratios during in situ denitrification. High N 2 O/(N 2 O ? N 2 ) product ratios of denitrification in low pH soils have been reported earlier (Simek and Cooper 2002) and seem to be associated with impaired assembly of the enzyme N 2 O reductase (Liu et al. 2010; Bergaust et al. 2010 ). Nitrification could be another possible pathway for N 2 O production, particularly since two-thirds of the N deposited at TSP enters as NH 4
? (Larssen et al. 2011) . Chen and Mulder (2007a) found that NH 4 ? disappears quickly within the first few centimeters of the acidic forest soil at TSP, while NO 3 -concentrations increase, suggesting high nitrification potentials. Especially acidic soils have been reported to result in high apparent N 2 O/NO 3 -ratios during nitrification (Mørkved et al. 2007) , probably due to chemical decomposition of NO 2
- (VanCleemput and Samater 1996) .
In a previous study, we observed high N 2 O emission rates in summer on the well drained hill slope (HS) of TSP with WFPS and temperature being the main drivers (Zhu et al. 2013a) . The studies at TSP indicate that denitrification could indeed be a significant sink for N deposited in the catchment, resulting in substantial N 2 O emissions that have to be taken into account in regional N budgets. To further explore this phenomenon, we conducted a 15 N-NO 3 -labeling study to assess the relative importance of nitrification and denitrification for N 2 O emissions in situ and to provide input for process-oriented models and regional N budgets. The main objectives of the present study were (1) to explore the relative contributions of nitrification and denitrification to N 2 O emission during summer at TSP, (2) to estimate gross nitrification rates and (3) to assess the proportion of freshly added NO 3 -lost as N 2 O. To explore the role of the elevational gradient along a HS on source partitioning of N 2 O, the 15 N-NO 3 -labeling study was conducted at two distinct topographic positions (one at the top and one at the bottom of the HS), thus considering natural gradients in soil moisture and soil texture. At each position two application rates of 15 N-NO 3 -were used, equivalent to 4 and 20 % of the annual N r deposition, respectively.
Materials and methods

Site description
The TSP catchment is located on a forested sandstone ridge, 450 m asl, about 25 km northeast of Chongqing city, SW China (29°38 0 N 104°41 0 E) (Fig .1a) . Details on climate, vegetation, and soil characteristics as well as atmogenic N r deposition rates can be found elsewhere (Larssen et al. 2004) . Briefly, the area has a subtropical monsoonal climate with a mean annual precipitation of 1,028 mm and a mean annual temperature of 18.2°C mineralogy is dominated by kaolinite. Due to warm and wet summers, the turnover rates of soil organic matter are high (Raich and Schlesinger 1992; Zhou et al. 2008) , and little organic matter accumulates in the forest floor, resulting in a thin organic horizon (O horizon; 0-2 cm). Land use is naturally regenerated secondary forest after the original forest was cut during 1958-1962. For the study we selected a north-east facing HS in a 4.6 ha sub-catchment at TSP (Fig. 1) . Rainfall generates considerable interflow along the HS over the argic B horizon, due to its low hydraulic conductivity. In contrast, the O/A and AB horizons of the HS have a greater hydraulic conductivity and the larger pores are relatively quickly drained after rainfall (Sørbotten 2011) . Due to the convergence of interflow at the foot of the HS, the soil stays wet after rainstorms for longer periods as compared with the soil at the top of HS. Hence, we selected two sites for the labeling experiment, one at the top of HS close to the watershed divide, between plot T1 and T2 (indicated as T1/T2) and the other at the bottom of HS (T5, Fig. 1b) . Each site included triplicate experimental plots. Major soil characteristics of the sites are summarized in Table 1 and detailed information can be found in Zhu et al. (2013a) .
Experimental set-up and sampling
The labeling experiment was conducted from June 25, 2010 to July 1, 2010 and lasted 147 h. Six adjacent 1 m 9 1 m plots were chosen at each of the two sites (T1/T2 and T5, respectively), and randomly assigned to two different treatments (triplicates) (Fig. 1b) and labeled NO 3 -allows assessment of denitrification as the main mechanism of N 2 O production. The latter is only true if negligible dissimilatory reduction of NO 3 --NH 4 ? (DNRA) is assumed (see discussion). At the beginning of the experiment (day 1), three of the plots were labeled with 0.2 g NO 3 --N m -2 (99 at.% 15 N) as KNO 3 (low N load, amounting to about 5 % of annual N deposition). The other three plots were labeled with 1 g NO 3 --N m -2 (99 % at.% 15 N) as KNO 3 (high N load, amounting to about 20 % of annual N deposition). The labeling solutions (10 L, equivalent to 10 mm precipitation) were applied as a single dose within 0.5 h by spraying on the surface of the soil using a back-pack sprayer (holding the nozzle carefully underneath the ground vegetation). After the label addition, 0.5 L water (0.5 mm) without KNO 3 was applied by spraying to wash off label which may have been intercepted by living and dead organic matter on the soil surface. Each of the 1 m 2 plots was divided into designated zones for N 2 O fluxes measurements, soil pore water sampling and soil sampling (Fig. 1b) . Two precipitation events occurred during the observation period. The plots were shielded with plastic foil installed 1 m above the soil surface during the first event (June 27, * 56 h after label application) in order to prevent dilution of the label. This was not done during the second event (June 29, * 98 h after label application).
Closed, vented zinc-coated iron chambers (30 cm diameter and 11 cm high) were used for N 2 O flux measurements (Hutchinson and Mosier 1981) . The chambers were inserted firmly into the clayey A horizon (depth of about 1 cm) at the same position, marked at the soil surface, for all sampling occasions prior to each gas sampling while keeping the air pressure constant via a vent tube attached to the top of the chamber. For each flux sampling, gas samples were taken from the sampling port at the centre of the chamber top 1, 15, 30, 60 and 120 min after chamber deployment. A syringe was attached to the sampling port and the plunger of the syringe was pumped up and down several times to mix the gases in the chamber before taking a sample. The first three gas samples were collected in evacuated 120-mL flasks using Chromacol butyl septa. The flask was attached to the sampling port via a needle for more than 10 s in order to get pressure equilibrium between flask and chamber. Subsequently, an additional 20 mL sample was collected with the syringe from the chamber and injected into the sample flask to achieve overpressure preventing contamination during shipment. The last two samples were transferred to evacuated 12 mL vials using Chromacol butyl septa. The temperature in the inner chamber was measured manually before taking the first and after taking the last gas sample. Fluxes were sampled on in total nine sampling occasions (during about 6 days), 0.5, 4.4, 7.5, 22.0, 30.3, 51.8, 72.0, 99.8 and 147 .2 h after label application. Gas samples were stored at room temperature and transported to the laboratory at the Norwegian University of Life Sciences for N 2 O (all five samples of each sampling occasion) and 15 N-N 2 O (only the first three samples) analyses.
Soil pore water was sampled at each plot from three macrorhizons (Rhizolab, the Netherlands) by connecting an evacuated 120 mL serum flask to all three samplers. Macrorhizons were inserted permanently with a slant into the top soil before starting the experiment, allowing sampling of soil water between 0 and 5 cm depth. Soil water samples were collected 1 day prior to label application and simultaneously with the gas samplings. In addition, soil samples from O/A and AB horizons were taken at each sampling occasion using a soil auger (u = 2.5 cm). Three replicates were taken from each horizon at each plot and mixed. Sampling holes were refilled with clay plugs as to avoid disturbance of the soil profile. Both, soil pore water and soil samples were frozen immediately. Within one month after sampling, soil samples were thawed and extracted using 10 g dw fresh soil in 50 mL 2 M KCl solution at the Chongqing Academy of Environmental Sciences. After shaking (1 h), the extracts were filtered using pre-washed filter paper (30-50 lm) and frozen before analyses for NH 4
? -N and NO 3 --N. Both soil pore water samples and soil extracts were frozen and shipped in a foam box to the Norwegian University of Life Sciences, where they were stored in a freezer (-20°C) before analysis.
Soil temperature and soil moisture (VM) in the upper 5 cm of the mineral soil were measured using a hand-held TDR (Hydraprobe; Stevens Water Monitoring Systems, Beaverton, OR, USA) at each of the nine sampling occasions at three randomly chosen positions within each plot. Soil WFPS was calculated using bulk density (BD) of the soil at a depth of 0-5 cm and assuming a soil particle density (PD) of 2.65 g cm -3 , as
Analytical procedures
The concentration of N 2 O in the gas samples was analyzed within half a year after sampling. The analysis was carried out by gas chromatography (Model 7890A, Agilent, Santa Clara, CA, US) with an electron capture detector (ECD) after passing a packed Heysept column used for back-flushing of water and a Poraplot Q column run at 38°C for separating N 2 O from CO 2 . Helium (He 5.0) was used as carrier gas and the ECD was run at 375°C with 17 mL min -1 Argon/Methane (90/10 vol%) as makeup gas. The N 2 O emission rate (lg N m -2 h -1 ) was calculated based on the rate of change of the N 2 O concentration in the chamber as estimated by the slope of a linear or a second order polynomial interpolation, the chamber internal volume, the soil surface area and the temperature. Analysis of 15 N in N 2 O was done using an isotope ratio mass spectrometer coupled with a pre-concentration unit (PreCon-GC-IRMS, Thermo Finnigan MAT, Bremen, Germany). The analysis was done within a year upon sampling and only the first three samples of each sampling occasion (the samples in 120 mL flasks) were analyzed for 15 N in N 2 O. The last two samples were taken to measure any detectable 15 N-N 2 (data not presented here). Previous tests on blanks indicated that air freight and long storage times did not have a significant effect on the measured concentrations of the gases.
The NO 3 -concentration (including NO 2 -) in soil extracts and soil pore water was analyzed using the N-(1-naphthyl) ethylenediamine dihydrochloride method, (Norwegian Standard 4745) with a continuous flow injection analyzer (FIA, Tecator, Sweden). The NH 4
? concentration was analyzed with the hypochlorite method using a spectrophotometer in the ultraviolet range (Norwegian Standard 4746).
For 15 N analysis in NO 3 -, a modification of the denitrifier method (Casciotti et al. 2002) was used. Briefly, Pseudomonas aureofaciens (ATCC 13985) was grown aerobically in NO 3 --free tryptic soya broth (pretreated anaerobically with P. denitrificans (ATCC : 19367) to 1.9-5.6 9 10 8 cells mL -1 and used to reduce sample NO 3 -quantitatively to N 2 O while turning anoxic after He-washing. Compared to the original denitrifier method (Casciotti et al. 2002) , the modified method does not need an anoxic preculture with external NO 3 -as an electron acceptor, thus preparation time is decreased and the background of N 2 O in the medium is reduced (for details see supplementary material).
Calculations and statistics
Absolute isotope abundances for 15 N-N 2 O and 15 N-NO 3 -[at.% absolute] were calculated as:
Excess isotope abundances for 15 N-N 2 O and 15 N-NO 3 -[at.% excess] were expressed in absolute isotope abundances above background (natural abundance). Since no natural abundance of 15 N-N 2 O was measured in this study, it was assumed to be the same as the natural abundance of the soil NO 3 -pool. The , respectively) between the measurements. were tested using General Linear Models. The interaction of the factors (treatments and sites) and the repeated measures at each site on the sampling occasions were considered by General Linear Models. The level of significance was set to p \ 0.05.
Results
Weather conditions during the experiment
From June 25 to June 29, 2010, the daily average air temperature varied from 22.9 to 29.9°C, with a pronounced increase during the last two days (June 30 and July 1, 2010; Fig. 2 ). Daily average soil temperature was around 24°C during most of the observation period while increasing to 28.1°C towards the end (Fig. 3a) . Soil temperature did not differ significantly between upper site T1/T2 and lower site T5. Prior to the start of the experiment, there were two precipitation events with 29 mm day -1 (June 19) and 13 mm day -1 (June 23), respectively (Fig. 2) . Two precipitation events occurred during the experimental period but for both the volume of rainfall was small (5 mm day -1 on June 27 when the plots were covered with plastic foil and 8 mm day -1 on June 29) (Fig. 2) . Soil WFPS was significantly greater at the lower T5 than at the upper T1/T2 site throughout the experiment (p = 0.000; Fig. 3b ). WFPS at both sites was date 1 9 /J u n 2 0 /J u n 2 1 /J u n 2 2 /J u n 2 3 /J u n 2 4 /J u n 2 5 /J u n 2 6 /J u n 2 7 /J u n 2 8 /J u n 2 9 /J u n 3 0 /J u n 0 1 /J u l air temperature ( high after applying the label solution (10 mm) at the beginning of the experiment and decreased gradually before increasing after precipitation on June 27 (hour 58, Fig. 3b ). Due to the plastic foil, WFPS increased only slightly at the upper site T1/T2, while the increase was more pronounced at the lower site T5, likely because this site received additional water through interflow from the HS. The larger precipitation event on June 29, when no plastic foil was used, caused a further increase in WFPS at both sites (Fig. 3b ).
Soil properties
Soils at both sites were strongly acidic with pH values well below 4.0 (Table 1) and pH in a given horizon did not differ between the sites. Values for TOC and TN were greater at the upper T1/T2 than the lower T5 site. Yet, the C/N ratios (about 20) were similar at both sites and for all horizons (Table 1) .
Concentration and isotopic signature of NO 3 -
Prior to the addition of 15 N labeled KNO 3 , the concentrations of NO 3 -in pore water at 5 cm soil depth (8-11 and 10-13 mg N L -1 at lower T5 and upper T1/T2 site, respectively; Fig. 4a ) were slightly lower than average values typically observed in summer at the two sites (Zhu et al. 2013a ). The addition of KNO 3 caused an instantaneous increase in pore water NO 3 -concentrations, followed by a rapid decrease at both sites and N addition rates. After about 10 h, the concentrations of NO 3 -in pore water stabilized at values 10-30 and 70-100 % above those prior to N addition for plots with low and high N load, respectively. At each N addition level, the concentration of NO 3 -in pore water was greater at the upper than at the lower site, probably due to smaller values of WFPS (Fig. 3b ) and thus less dilution at the upper site.
Before addition of N, KCl-extractable NO 3 -in the O/A horizon (8-9 lg N g -1 , Fig. 4b ) was considerably smaller than annual average values reported earlier for the sites (Zhu et al. 2013a ). Similar to NO 3 -in pore water, KCl-extractable NO 3 -in O/A horizons increased sharply upon the addition of 1 g N m -2 as KNO 3 . By contrast, the addition of 0.2 g N m -2 had only a minor effect on extractable NO 3 --N in the O/A horizon. Although less pronounced than in pore water, KCl-extractable NO 3 -in the O/A horizon was greater at the upper than at the lower site. Soil KCl extracts of AB horizons had significantly smaller NO 3 -concentrations than O/A horizons (p = 0.000; Fig. 4b ).
Prior to the addition of KNO 3 , the concentration of NH 4 ? in pore water was similar to average values in summer reported earlier (0.1 and 0.5 mg N L -1 at site T5 and T1/T2, respectively; Zhu et al. 2013a ). Thus, before N addition, NH 4
? contributed only 1-5 % to the total concentration of inorganic N in pore water. Addition of KNO 3 caused an instantaneous increase in the NH 4 ? concentration in pore water, probably due to cation exchange with a minor proportion of the added K ? ions. This was followed by a decrease in concentration and stabilization from about 10 h onwards resulting in concentrations of 1.3 and 0.8 mg NH 4
? -N L -1 (equivalent to about 5 % of the total inorganic N concentration in pore water) in response to high and low N addition, respectively, at the upper site. At the lower site the concentration of NH 4 ? rapidly decreased to values prior to N addition (about 0.1 mg NH 4
? -N L -1 , Fig. 4c ). ? in the O/A horizon, prior to N addition (17-15 lg N g -1 at the lower and the upper site, respectively; Fig. 4d ) were smaller than annual average values (Zhu et al. 2013a -N accounted at most for 4 mmol c kg -1 soil, which is only a small fraction of the cation exchange capacity of this soil (CEC; Table 1 ).
In response to the high 15 N load, 15 N at.% excess of NO 3 -in pore water increased sharply from 0.35 at.% (natural abundance) to 36 and 42 at.% excess at the lower and upper site, respectively (Fig. 5a ). Also the low N load caused an instantaneous increase in at.% 15 N excess of NO 3 -in pore water (to about 31 %) at both the upper and lower site. At both sites, the 15 N signal decreased gradually at the low N addition plots, but not at the high N addition plots. After 6 days (about 147 h), the 15 N abundance in pore water NO 3 -decreased to 16 and 12 at.% at the low N addition plots at upper and lower site, respectively. Both 15 N values in NO 3 -and NO 3 -concentrations (Fig. 4a) at the lower site were found to be smaller than at the upper site throughout the experiment, presumably due to stronger dilution at the higher WFPS at the lower site (Fig. 3b) .
Soil extracts of the AB horizons had significantly smaller 15 N-NO 3 -at.% excess than O/A horizons (p = 0.013; Fig. 5b) -similar to that in pore water with a gradual decrease of 15 N at.% excess to values between 9 and 17 % (Fig. 5a, 5b ).
Nitrification rate
Gross nitrification rate was calculated from dilution of the 15 N signal in KCl-extractable NO 3 -for the low N addition treatment only, since no clear decline in 15 N-NO 3 -was found with the high N load (Table 2 ). Calculated rates of the gross nitrification in the O/A and AB horizons were 0.2-0.6 lg g -1 soil day -1 , with the larger values for the lower site. Note however, that the standard deviations were large, making the gross nitrification rates not significantly different from zero. (Fig. 6a) . Average N 2 O fluxes during the 147 h following the label addition were not affected by the N input level, neither at the upper site (79 ± 31 and 88 ± 3 lg N m -2 h -1 at low and high N load, respectively), nor at the lower (209 ± 52 and 257 ± 133 lg N m -2 h -1 at low and high N load, respectively). At the lower site, N 2 O emission rates increased rapidly in response to KNO 3 addition, reaching a peak after about 7.5 h (Fig. 6a) . Maximum N 2 O emission rates at the lower site were about 350 and 400 lg N m -2 h -1
, at the low and high N addition plots, respectively. After reaching a peak, N 2 O emission rates decreased substantially. The N 2 O flux dynamics at the upper site differed from those at the lower site, in that the N 2 O emission rate did not peak until 30-40 h after N addition (both at low and high addition rates) reaching maximum values of about 100 lg N m -2 h -1 in both treatments. Next, the N 2 O emission rate remained relatively stable (Fig. 6a) . Overall, the N 2 O emission was positively correlated with both soil temperature (p = 0.028) and WFPS (p = 0.006) but not with either the concentration of NO 3 -in pore water (p = 0.264) or in the KCl extract (p = 0.392).
Similar to the dynamics of the N 2 O flux, the at.% 15 N excess of emitted N 2 O increased sharply in all (Fig. 6b) . In general, the at.% 15 N excess of emitted N 2 O peaked faster at the lower site than the upper site (Fig. 6b) . Application of 1 g N m -1 (high N load) resulted in relatively stable at.% 15 N excess for N 2 O throughout the experiment at both sites, whereas a decreasing trend was seen at both sites with low N load (Fig. 6b) .
During the 147 h of observation, in total 2.6, 6.0, 6.5 and 13.2 mg 15 N-N 2 O m -2 was emitted from the soil at upper site low and high N load, and lower site low and high N load, respectively. These fluxes represented 1.3, 0.6, 3.2 and 1.3 %, respectively, of the total applied 15 N-NO 3 - (Table 2 ). From about 22 h after label application onwards, 71-100 % of the emitted N 2 O was due to denitrification, with one exception for the low N load at the upper site at 22 h, which was 61 % (Fig. 7) . There was no significant difference in N 2 O source partitioning between N loads or between the upper and lower site, despite the clear differences in WFPS (Fig. 3b) . The sharp increase in 15 N values of N 2 O emitted during the initial 10 h after label addition reflects the time needed for the labeled NO 3 -to mix with the soil's NO 3 -pool and to diffuse to the sites in which denitrification occurred. The percentage of N 2 O apportioned to denitrification was positively related with N 2 O emission rate but showed no correlation with either soil temperature or WFPS.
Discussion
The addition of labeled KNO 3 caused an immediate increase in the concentration of NO 3 -and its 15 N abundance in both pore water and soil extracts, reaching peak values within 4 h after application (Figs. 4a, 4b, 5a and 5b) . The N 2 O flux at the lower site responded almost as fast with peak values occurring after 7.5 h (Fig. 6a ). The N 2 O flux at the drier upper site reached peak values about 33 h after application, likely because soil O 2 needed to be depleted at the previously aerobic micro sites before denitrification increased. The increase in N 2 O flux at both sites was associated with increased WFPS (Fig. 3b) in response to the addition of 10.5 mm labeling solution. Overall, the N 2 O emission rate at both sites and at both loadings appeared to be positively related to WFPS, albeit with a delay of about 1 day, illustrating the importance of WFPS for N 2 O emission in this soil. The WFPS was significantly smaller at the upper (48-60 %) than the lower site (55-70 %), resulting in significantly larger N 2 O fluxes at the lower site (p = 0.002; Fig. 6a ). This supports our hypothesis that denitrification is an important source of N 2 O in this subtropical forested catchment with high N 2 O emission (4.1-5.0 kg N ha -1 year -1 ), as proposed previously by Zhu et al (2013a) , who studied the temporal and spatial variability of N 2 O flux in this watershed. Higher cumulative N 2 O fluxes at the lower site than at the upper site were also found in summer of 2009, but not in summer of 2010.
The peak in 15 N abundance in emitted N 2 O occurred after about 30 h in all cases, except for the lower N addition at the lower site, where 15 N-N 2 O already peaked after 7.5 h (Fig. 6b) . The timing of the 15 N peak in N 2 O was closely linked to the 15 N peak in NO 3 --N in both pore water and soil extracts (Fig. 5a, 5b) , likely reflecting the gradual replacement and mixing of native NO 3 -with labeled NO 3 -at micro-sites. The N 2 O Values are means; standard deviations in parentheses Biogeochemistry (2013) 116:103-117 113 source partitioning estimated by comparing at.% of 15 N-N 2 O with that of 15 N-NO 3 -in soil extracts from O/A horizon suggests that after an unstable phase on average 71-100 % of the N 2 O was produced from denitrification ( Fig. 7) . This finding is supported by high denitrification potentials and impeded N 2 O reduction reported previously from a laboratory study with soils from the same sites (Zhu et al. 2013b) .
Changes in WFPS (Fig. 3b) did not affect N 2 O source partitioning appreciably. It appeared that nitrification contributed very little to N 2 O production within the observed WFPS range. This was in contrast to several other studies (Bateman and Baggs 2005; Mathieu et al. 2006; Zhang et al. 2011a; Khalil et al. 2004; Ambus et al. 2006; Mørkved et al. 2006; Russow et al. 1994; Wolf and Brumme 2002; Wolf and Russow 2000; Eickenscheidt et al. 2011 ) who found that significant contributions of nitrification to N 2 O production occurred at intermediate WFPS ranges whereas denitrification generally occurred at high soil moisture content. Comparing soil types in the above cited studies, it appears that also soil pH could be an important factor for N 2 O source partitioning, as it interacts with the soil moisture relationship; in neutral to alkaline soils the contribution of nitrification to N 2 O emission seems to be high and less sensitive to WFPS than the contribution of denitrification (Khalil et al. 2004; Mathieu et al. 2006; Bateman and Baggs 2005) . Vice versa, in acid soils, the contribution of denitrification seems to be more prominent in a wider range of WFPSs (Ambus et al. 2006; Wolf and Brumme 2002; Zhang et al. 2011a; Eickenscheidt et al. 2011) .
The 15 N abundance of NH 4 ? was not determined in our experiment, since we believe that DNRA, a strictly anaerobic process (Tiedje 1988) , was negligible in our soil. This is supported by the low NH 4
? concentrations in soil pore water on the HS at TSP (Fig. 4c) 
day
-1 ) reported for terrestrial ecosystems with various soil pH and in different climate zones (Booth et al. 2005) . In temperate spruce forests in Germany with soil pH below 4, Corre et al. (2007) observed gross nitrification rates of similar magnitude as we found for TSP. By contrast in a temperate mixed deciduous forest in Belgium, Vervaet et al. (2004) observed gross nitrification rates which were one order of magnitude greater. Low nitrification rates in acid soils are commonly explained by low NH 3 availability, limiting autotrophic nitrification (Mayer et al. 2001; Zhang et al. 2011b; De Boer and Kowalchuk 2001) . Heterotrophic nitrification and archaeal ammonia oxidation are believed to be more tolerant to low pH (Prosser 2007) . However, the low gross nitrification rates in our study suggest that these processes did not play an important role in NO 3 -production in our study. Although the NO 3 -concentration in pore water at plots with high N application (1 g m -2 ) were 1.5-2 times greater than those at plots with low N application (0.2 g m -2 ), this did not result in greater N 2 O fluxes. This result confirms in situ measurements of N 2 O flux and ancillary variables at TSP, which suggested that NO 3 -was not a limiting substrate for N 2 O production on the HS (Zhu et al. 2013a) . By contrast, several other studies of forest soils report a significant response of N 2 O emission to elevated NO 3 -availability. However, in most of these studies N availability was artificially increased from a very low level in soil by N fertilization (e.g. Kim et al. 2012; Hall and Matson 1999; Nobre et al. 2001) . In the present study, 70-100 % increase in available NO 3 -only had a moderate effect on N 2 O emission (11 and 25 % greater at high N load than at low N load for the upper and lower site, respectively), suggesting that denitrification was not N-limited after adding 0.2 g N m -2 (equivalent to 4 % of the annual N input in the N-saturated TSP catchment). A similar observation was made in an experiment with NH 4 NO 3 -N addition in the forested Dinghushan catchment in south China . Their results showed little increase of N 2 O emission in disturbed or rehabilitated forests along with control, low, medium and high N addition (0, 5, 10, 15 g N m -2 year -1 , respectively; sprayed once every month).
At TSP, the N 2 O emission flux was significantly related to soil temperature and soil moisture, which is in accordance with findings from an earlier N 2 O field study at TSP (Zhu et al. 2013a) .
At low N load, the recovery of applied 15 N in N 2 O was on average 2.3 % (Table 2) within 6 days (when only 15 N-N 2 O is taken into account). Eickenscheidt et al. (2011) reported annual values of 0.1 and 0.6 % for N 2 O loss in a German spruce and beech stand, respectively. Even though the latter was a long-term study with tracer applied 18-times during one year with low N application rate each time, the big difference to our values for only 6-days suggests a very high percentage of N 2 O loss at TSP. At low N addition, the total amount of N 2 O emitted (labeled and unlabeled) in 6 days amounted to 8 and 15 % of the N addition at the upper and lower site, respectively, illustrating the large potential of these soils to quickly convert NO 3 -to N 2 O. Our emission factors (the percentage of applied N emitted as N 2 O), albeit based on a 6-days period only, are well above the value of 1 % recommended for both direct N 2 O emissions from mineral N application to managed soils as well as for indirect N 2 O emissions from re-deposited N to uncultivated soils (IPCC 2006) . In a recent field study at TSP, we found that about 8-10% of the atmogenically derived N was emitted as N 2 O annually (Zhu et al. 2013a ). This study clearly revealed that high N deposition in subtropical forests in south China with wide-spread acidic soils can result in high N 2 O/N 2 product ratios during denitrification.
